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Abstract 

This  program  has  emphasized  the  interrelationships  among  synthesis,  microstructure  and 
properties  for  oxygen  ion  conducting  ceramics  based  on  copper-substituted  bismuth  vanadate 
(Bi2V0  9Cu01O5  3j),  known  as  BICUVOX .  We  showed  that  these  materials  readily  formed  dense 
ceramics  with  equiaxed  microstructures  and  confirmed  that  they  exhibited  high  ionic  conductivity. 
Prolonged  heat  treatments  at  elevated  temperatures  did  not  cause  significant  changes  in 
conductivity,  an  important  consideration  for  electrochemical  device  operation.  We  also  developed 
solution  processing  approaches  for  preparing  thin  films  of  the  bismuth  vanadate  materials. 


1.  Introduction 

There  has  long  been  an  interest  in  finding  oxygen 
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ion  conducting  solids  that  exhibit  high 
conductivities  at  low  temperatures  for 
use  in  a  variety  of  electrochemical 
devices  including  fuel  cells,  oxygen 
sensors  and  oxygen  pumps.  For  the 
most  part,  such  applications  were 
based  on  stabilized  zirconia  and  other 
oxides  that  crystallize  in  the  fluorite 
structure  (e.g.,  CeC^).1  In  the  1970's 
and  1980's  a  number  of  Bi203  based 
systems  were  shown  to  exhibit 
significantly  higher  conductivities  than 
zirconia  over  the  temperature  range 
500  to  700°C.2,3  The  application  of  the 
Bi2C>3  electrolytes  was  somewhat 
limited,  however,  because  of  fairly 
rapid  reduction  of  these  materials 
under  low  oxygen  partial  pressure. 
More  recently,  a  new  group  of  low 
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Figure  1.  Arrhenius  plot  showing  the 
high  conductivity  of  copper-doped 
bismuth  vanadate  compared  to  fluorite 
oxygen  ion  conductors. 


temperature  O2-  conducting  materials  based  on  bismuth  vanadate  (B4V2O11)  has  emerged. 
Interestingly,  these  materials  have  a  layer  structure  and  a  tetragonal  unit  cell  in  contrast  to  the  cubic 
structure  of  the  fluorite  systems  and  yet  achieve  conductivities  in  excess  of  10'2  S/cm  at  400°C.4’5,6 
This  is  some  least  50  to  100  times  larger  than  any  other  oxgyen  ion  conductor  in  this  temperature 
range.  The  Arrhenius  plots  for  several  different  oxygen  ion  conductors  are  compared  to  stabilized 
zirconia  in  Figure  1. 

In  this  research  program  we  have  emphasized  the  interrelationships  among  synthesis, 
microstructure  and  properties  of  the  bismuth  vanadate  system.7,8  In  previous  annual  progress 
reports  we  showed  that  these  materials  readily  formed  dense  ceramics  with  equiaxed 
microstructures  and  confirmed  that  they  exhibited  high  ionic  conductivity.  We  also  described 
solution  processing  approaches  for  preparing  powders  and  thin  films  of  the  conductive  bismuth 
vanadate  materials.8  In  this  final  report,  we  focus  on  the  synthesis  and  characterization  of  thin 
films,  including  the  first  measurements  of  their  transport  properties^ 

2.  Synthesis  of  BICUVOX  Thin  Films 

Our  most  recent  research  efforts  have  been  directed  at  developing  solution  processing 
routes  for  synthesizing  thin  films  of  BICUVOX.  One  of  the  most  common  means  of  lowering  the 
resistive  losses  in  electrochemical  devices  is  to  utilize  a  thin  film  configuration.  Solution  routes  to 
preparing  thin  films  are  relatively  new,  but  represent  a  viable  alternative  to  more  costly  vapor-phase 
methods.9  The  following  sections  briefly  review  our  results  on  the  processing,  microstructure  and 
properties  of  BICUVOX  thin  films. 

Thin  films  were  prepared  using  metal  ethylhexanoates  and  isopropoxide  organic 
precursors.  This  approach  is  similar  to  one  used  to  synthesize  both  Bi-Sr-Ca-Cu-0  and  Y-Ba-Cu- 
O  superconductors.10  The  principal  advantage  of  this  route  is  that  it  produces  a  homogeneous 
solution  which  may  then  be  used  in  the  preparation  of  BICUVOX  thin  films.  To  form  the 
precursor  solution,  appropriate  amounts  of  bismuth  2-ethylhexanoate  (Bi[C4H9CH(C2H5)COO]3), 
copper  2-ethylhexanoate  ([CH3(CH2)3CH(C2H5)C02]2Cu)  and  vanadium  triisopropoxide 
(C9H12O4V)  were  added  to  chloroform  and  stirred  at  room  temperature  to  form  a  clear  dark  green 
solution.  Thin  films  were  formed  by  spin  coating  the  solution  onto  various  substrate  materials  and 
then  pyrolyzing  to  decompose  the  organics  and  produce  the  BICUVOX  phase.  Sintering  of  the 
films  was  carried  out  at  800°C  for  10  minutes.  A  flow  chart  for  the  preparation  of  BICUVOX 
films  is  shown  in  Fig.  2. 


Figure  2.  Flow  chart  showing  the  steps  used  in  the  processing  of  BICUVOX  thin  films  from 
metal  organic  precursors. 

Thermogravimetric  analysis  (TGA)  of  the  precursor  solution  indicates  a  significant  weight 
loss  from  125°C  to  265°C,  which  corresponds  to  the  combined  removal  of  any  remaining  water  or 
chloroform.8  Above  265‘C  a  very  small  amount  of  weight  is  lost  and  might  signify  decomposition 
of  the  organic  components  in  the  precursor  resin.  The  DTA  curve  for  the  precursor  indicates  a 
relatively  broad  exothermic  peak  from  300-400°C  with  no  additional  peaks  up  to  800° C.  This 
implies  that  the  organic  decomposition  and  phase  formation  processes  were  effectively  complete  at 
temperatures  as  low  as  400°C. 

We  have  used  atomic  force  microscopy  (AFM)  to  provide  details  concerning  microstructure 
development  of  the  thin  films.  In  our  experiments,  a  single  layer  thin  film  (thickness  =  2000  A) 
was  heated  to  550°C  and,  after  cooling,  examined  using  the  AFM.  Following  the  AFM  scan,  the 
same  sample  was  reheated  to  650°C,  similarly  examined  and  so  on.  Figure  3  shows  AFM 
micrographs  indicating  grain  growth  in  the  BICUVOX  thin  film  over  the  temperature  range  550°C 
to  800°C.  As  expected,  higher  sintering  temperatures  yield  larger  grain  sizes.  However,  it  is 
interesting  to  note  that  the  grain  size  of  the  films  is  significantly  greater  than  the  thickness  of  the 
film.  This  suggests  that  the  grain  growth  is  2-dimensional  in  nature.  At  some  point  the  grains 
become  larger  than  the  thickness  of  the  film  and  must  grow  in  a  2-dimensional  fashion  in  order  to 
produce  the  observed  microstructure. 


Figure  3.  Topographic  AFM  images  indicating  grain  growth  characteristics  of  a  single  BICUVOX 
film  at  550°C,  650°C,  750°C,  and  800°C,  respectively. 

Another  interesting  consideration  in  the  present  study  is  the  influence  of  different  substrate 
materials  on  film  microstructure.  BICUVOX  thin  films  were  produced  using  the  metal-organic 
precursor  solution  and  spin  coating  onto  a  variety  of  substrate  materials  including  polycrystalline 
alumina,  polycrystalline  and  single  crystal  MgO  (100),  polycrystalline  yttria-stabilized  zirconia 
(YSZ)  and  single  crystal  SrTi03  (100).  Depending  on  the  type  of  substrate  and  the  processing 
procedures,  crystalline  films  with  different  morphologies  were  obtained.  For  these  investigations, 
films  were  spun  at  room  temperature  and  then  heated  at  10*C/min  to  800°C  and  sintered  for  10 
minutes  before  cooling  down  to  room  temperature.  The  results  indicate  that  thermal  expansion 
differences  and  reactivity  between  the  film  and  substrate  have  a  profound  influence  on  film 
microstructure.  Cracks  were  observed  in  the  films  deposited  on  AI2O3  and  YSZ  substrates.  Not 
surprisingly,  the  cracks  were  much  more  pronounced  for  AI2O3  which  has  a  thermal  expansion 
coefficient  approximately  half  that  of  BICUVOX.  Significant  cracking  was  not  observed  for  films 
on  MgO  since  the  thermal  mismatch  between  substrate  and  film  is  relatively  small  and  induced 
strains  can  be  more  easily  accomodated  within  the  film.  SrTi03  (a  =  3.90  A)  represents  an 
excellent  lattice  match  to  BICUVOX,  however,  there  is  evidence  of  reaction  between  the  film  and 
the  substrate.  The  results  with  SrTi03  substrates  underscore  the  importance  of  selecting  substrate 
materials  which  avoid  reaction  with  the  BICUVOX  phase. 

The  good  mechanical  integrity  of  the  films  prepared  on  MgO  substrates  suggests  the 
possibility  of  growing  single  crystal  films  of  BICUVOX  on  MgO  single  crystals.  Although  the 
lattice  mismatch  between  cubic  MgO  (a  =  4.216  A)  and  tetragonal  BICUVOX  (a  =  3.907  A)  is  in 
excess  of  7%,  epitaxial  mechanisms  have  been  studied  for  systems  exhibiting  such  large 
mismatches.9  Initial  experiments  for  BICUVOX  films  grown  on  single  crystal  MgO  substrates 
indicate  a  high  degree  of  crystal  orientation.  Fig.  4  shows  significant  enhancement  of  peak 
intensities  for  the  (002)  and  (006)  reflections  for  a  thin  film  on  single  crystal  MgO  as  compared  to  a 
BICUVOX  powder. 
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Figure  4.  XRD  comparing  a  tMn  film  spin-coated  onto  a  single  crystal  MgO  substrate  and  a 
polycrystalline  powder  sample. 


Impedance  measurements  were  made  on  thin  film  samples  in  the  plane  of  the  film.  In  view 
of  the  preferred  orientation  developed  in  these  films,  these  measurements  were  made  along  the  high 
conductivity  pathway  (i.e.,  along  the  aZ?-plane).  Measurements  were  made  from  200°C  to  600°C  in 
both  heating  and  cooling  modes  at  50°C  intervals.  The  impedance  data  from  a  measurement  at 
350°C  is  shown  in  Fig.  5  in  the  form  of  a  Nyquist  plot.  The  well  resolved  semi-circle  is 
convenient  for  interpretation;  the  intersection  of  the  curve  with  the  real  axis  defines  the  resistive 
component  of  the  total  impedance.  This  resistive  component,  which  includes  both  intragrain  and 
grain  boundary  contributions,  was  used  to  derive  the  conductivity  values  as  a  function  of 
temperature  for  the  BICUVOX  thin  film  samples. 


Figure  5.  Nyquist  plot  from  a  “parallel-to-a6  plane”  conductivity  test  @  350°C,  cooling  from 
600°C. 


As  shown  in  Fig.  6,  the  temperature  dependence  of  the  conductivity  can  be  represented  by 
an  Arrhenius  equation: 

a  =  (ao/T)exp(-Ea/kT)  (1) 

where  o0  =  a  pre-exponential  constant,  Ea  =  activation  energy  (eV),  k  =  Boltzman  constant  and  T 
is  the  temperature  (K).  The  Arrehenius  plot  in  Fig.  6  compares  the  conductivity  for  a  dense 
BICUV OX  ceramic  with  that  of  a  thin  film. 
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Figure  5:  An  Arrhenius  plot  comparing  the  conductivity  and  activation  energy  between  a  “parallel- 
io-ab  plane”  thin  film  sample  and  a  bulk  material  sample. 

There  are  two  interesting  features  evident  in  this  data.  First,  the  thin  film  sample  exhibits  a 
higher  activation  energy  than  that  of  the  ceramic  and  there  is  no  change  in  activation  energy.  This 
suggests  that  the  film  is  in  the  ‘ordered’  (y’)  phase  and  that  the  y  -»  Y  phase  transition  has  been 
suppressed.  The  second  signficant  feature  is  that  at  temperatures  above  400°C,  the  film  exhibits  a 
higher  conductivity  than  that  of  the  ceramic.  This  characteristic  indicates  that  the  preferred 
orientation  in  the  film  can  lead  to  anisotropic  conductivity  in  these  materials.  The  latter  result  is 
significant  because  it  suggests  that  with  proper  control  of  orientation,  it  will  be  possible  to  obtain 
thin  films  whose  conductivities  approach  single  crystal  values. 
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